Graphene oxide (GO)-based materials have recently received increasing attention in antibacterial fields due to their unique twodimensional structure, high specific surface area, water solubility, easy functionality, low cost, etc. In this work, we investigated the interaction of GO films with several bacteria, including Escherichia coli, Staphylococcus aureus, Bacillus, and Shewanella-MR 1. Surprisingly, it was found that GO films had no influence on the growth of bacteria; bacteria could selectively attach on the GO films, and the adhesion efficiency was dependent on the genus of bacteria and the quality of GO films, as confirmed by quartz crystal microbalance (QCM) measurement. X-ray photoelectron spectroscopy, Ramam spectra analyses, and current−voltage curves further indicated that the bacteria could reduce GO to reductive GO (rGO) or graphite. Through constant current measurements, a possible mechanism that involved electron transfer from bacteria to the GO film was proposed for the adherence of bacteria to GO films and reduction of GO films by bacteria. The study suggested that GO films could act as biocompatible sites for adhesion of bacteria on their surfaces, providing a paradigm for exploring the interaction of GO-related materials with bacteria.
INTRODUCTION
Graphene and its derivatives like graphene oxide (GO) and reduced graphene oxide (rGO) have recently attracted considerable research interest in antibacterial fields due to their unique two-dimensional sheet structure, mechanical strength, biocompatibility inexpensive price, etc. 1−5 Especially GO, with a high density of oxygen functional groups on its basal planes and edges, not only is highly water-dispersible but also facilely acts as an ideal platform to investigate the interaction of materials with cells. 6−9 As well, macroscopic freestanding GObased membrane materials with good stiffness and strength could be fabricated expediently by directed-flow assembly of individual GO sheets or GO composites, holding great prospects in nanoelectronics, conductive thin films, supercapacitors, nanosensors, and nanomedicine. 2,8,10−15 Although the antimicrobial and antibiofilm forming activities of GO-based materials have been studied intensively, the interaction of GO with bacteria still was not clear. For example, some studies demonstrated that GO materials had severe cytotoxic effects on bacteria and suggested that they could be used as bactericidal agents, 11,16−22 while several studies also revealed that GO lacked bacteriostatic or antibacterial activity. 23−26 Furthermore, different mechanisms, such as wrapping bacteria, contact with sharp edges, oxidative stress, and destructive extraction of phospholipid, have been proposed to explain the possible antimicrobial action of GO. 22,24,26−28 Besides these, an electron transfer mechanism in which GO serves as a terminal electron acceptor to pump the electron away from the bacterium was also reported. 28 For instance, when in contact with Shewanella, a genus of marine bacteria, GO could be reduced to graphene by bacterial respiration under both aerobic and anoxic conditions. 29, 30 Similarly, interaction of GO and E. coli under anaerobic conditions also resulted in the reduction of GO, and the reduction was assigned to the metabolic activity of the surviving bacteria through their glycolysis process. 31 Therefore, deeply exploring and understanding the nature of GO interaction with bacteria is highly desirable.
Herein, GO films, which were fabricated from GO via simple vacuum filtration, were tested for their interaction with several bacteria, such as Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), Bacillus, and Shewanella-MR 1 (Shewanella) . Surprisingly, a series of experiments, including colony counting, growth kinetics, laser-scanning confocal microscopy (LSCM), and quartz crystal microbalance (QCM) measurements, indicated that GO films had different adhesion effects on the studied bacteria and the growth of bacteria was not affected in the presence of GO films. Moreover, GO films with similar size but different mass exhibited mass-dependent adherence effects on each type of bacteria. Upon interaction of GO with bacteria, it was found that GO was reduced to rGO or graphite, as confirmed by XPS, Raman spectra, and current−voltage (I−V) measurements. Finally, considering that the ability of GO to get electrons might play an important role in bacteria attachment and GO reduction by bacteria, the constant current method was used to investigate the possible machanism of GO to adhere bacteria. Our results suggested that GO might catch electrons from bacteria, which will cause the adhesion of bacteria on GO (Figure 1 ).
EXPERIMENTAL SECTION
2.1. Materials and Cells. Graphite powders, KMnO 4 , NaNO 3 , H 2 SO 4 , 3,3′,5,5′-tetramethylbenzidine, and H 2 O 2 were purchased from Shanghai Chemical Co. Ltd. E. coli (ATCC 35218), S. aureus (ATCC 29213), Bacillus (ATCC6633). and Shewanella oneidensis MR-1 (ATCC 700550) were used for bacterial adhesion test. All other regents were purchased from J&K Scientific or Aladdin Reagent Co. and were used without further purification. Ultrapure water (>18 MΩ cm −1 ) was used for rinsing and as the solvent as well.
2.2. Preparation of Graphene Oxide (GO) Nanosheets. GO was prepared from natural graphite according to the modified Hummers method. Briefly, a 500 mL flask that contained 2 g of graphite and 1 g of NaNO 3 was placed in an ice bath, to which 75 mL of concentrated H 2 SO 4 was added slowly. After stirring for 30 min to obtain a homogenized mixture, 6.0 g of KMnO 4 was added slowly, and the mixture was reacted for 30 min. Then the flask was taken to room temperature and stirring continued for 6 h. After diluting slowly with 100 mL of water and continuing to stir for 30 min, 250 mL of water and 20 mL of H 2 O 2 (30%) were added. The mixture was allowed to stand overnight, the clear supernatant was decanted, and the sediment was washed repeatedly with water at least 10 times until the pH value changed to near-neutral.
2.3. Preparation of a GO Film. In a typical synthesis, 10 mg of GO nanosheets obtained above were ultrasonically dispersed in 10 mL of water. Then the resulting GO colloidal dispersion (1 mg/mL) was vacuum-filtrated through a membrane (47 mm in diameter, 0.22 μm pore size, Jinlong). After filtration, the as-prepared GO film was airdried at room temperature.
2.4. Determination of Antimicrobial Properties of a GO Film by the Colony Counting Method and Growth Kinetics. The colony counting method was used to detect the antibacterial activity of the as-synthesized GO films. E. coli, S. aureus, Bacillus, and Shewanella were cultured in PBS at 37°C with shaking of 160 rpm. GO films were first incubated with bacteria (∼10 5 CFU/mL) for 3 h. Then 100 μL of bacteria suspension was transferred to tryptic agar plate and incubated for 12 h at 37°C. The number of surviving colonies for each plate was counted.
For the growth kinetic method, GO films were incubated with a certain concentration of bacteria in a Luria−Bertani (LB) medium (tryptone, 10 g/L; yeast extract, 5 g/L; and NaCl, 10 g/L) for 24 h (37°C , 160 rpm). Growth rates and bacterial concentrations were determined by measuring the optical density (OD) at 600 nm every 2 h.
2.5. Determination of Bacterial Adhesion on a GO film by Fluorescence Imaging. A GO film was incubated with E. coli (∼10 5 CFU/mL) for 3 h; then live and dead bacteria were stained by calcein AM and propidium iodide (PI). Fluorescence imaging of bacteria was performed by the laser scanning confocal microscope (LSCM).
As well, a GO film was incubated with E. coli expressing green fluorescent protein (GFP-E. coli, ∼10 5 CFU/mL) for 3 h. After washing several times with PBS to remove any nonadhered or loosely adhered bacteria, the adherent GFP-E. coli on the film was viewed by LSCM.
2.6. Measurement of Adhesion Efficiency of Bacteria on Different Mass GO Films. Different mass GO films were incubated with 10 3 −10 4 CFU/mL bacteria for 3 h; then a similar colony counting method was adopted to measure the colonies. Compared with the corresponding controls in which only bacteria were incubated, the adhesion percent of bacteria on GO films could be calculated.
2.7. Measurement of Adhesion Kinetics of Bacteria on GO Films. QCM was used to measure the adhesion kinetics of bacteria on GO films. GO solution at a mass of 5 mg (10 mg/mL) was spun on the surface of a Au QCM crystal at a speed of 3000 rpms for 10 s. The GO solution was dried to get a GO film-coated Au QCM crystal. E. coli or S. aureus at a concentration of 10 4 was added to the QCM cell, and the Δf was measured according to the manufacturer's advice.
2.8. I−V Measurements of a GO Film and Bacteria-Reduced GO Films. GO films were co-incubated with various bacteria (E. coli, S. aureus, Bacillus, and Shewanella, 10 6 CFU/mL) for 60 h and washed with PBS and H 2 O three times. After air-seasoning at 25°C, the GO film and the bacteria-reduced GO films were anchored on a filter and then fixed by two gold electrode holders with 0.8 cm width and 0.8 cm distance. The current changes of different GO films in the range of −2.5 to 2.5 V were measured by a Keithley 485 autoranging picoammeter.
2.9. Constant Current Method for Enhancing the Adherence Ability of GO to Bacteria. Bacteria (∼10 4 CFU/mL) were added to the electrolyte (0.02 M PBS), GO-coated FTO was clamped on the working electrode area of the electrolytic tank, and the Pt electrode was used as the counter electrode. A different constant current was added, and after 3 h, GO-coated FTO and the electrolytes from the working electrode area and counter electrode area were collected and coated on the agar plate. The bacteria on agar plates can be calculated.
2.10. Reduction of GO Films with Different Thicknesses by Constant Current. GO films with different thicknesses but the same size were clamped on the working electrode area of the electrolytic tank, and the Pt electrode was used as the counter electrode. Constant current was added, and when the relative voltage was changed, the total electrons to rGO films ratios were calculated.
2.11. Characterization. Transmission electron microscopy (TEM) images were obtained using a JEM-1400 high-resolution transmission electron microscope operating at 100 kV. UV−vis absorption spectra were measured with a UV 2550 spectrophotometer (Shimadzu). Fourier transform infrared (FTIR) spectra were collected on a Nicolet 380 spectrometer (Thermo) at room temperature. The Raman spectra were gathered on an X Plora spectrometer (Horiba). The X-ray diffraction (XRD) patterns were recorded by an Ultima IV XRD diffractometer (Rigaku). The adhered bacteria on the GO film were observed on an SEM S-4800 (Hitachi). The thicknesses of GO were investigated on an ASYLUM RESEARCH AFM. The adhesion kinetics of bacteria on GO films was measured by a CH Instruments CHI400C EQCM.
RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of GO Nanosheets and GO Films. GO nanosheets were produced by the chemical oxidation of graphite following a modified Hummers method, and the successful preparation of GO was characterized by ACS Applied Bio Materials www.acsabm.org Article various analytical techniques. 32 TEM images reveal that the asobtained GO looks like waves with wrinkles and folded regions ( Figure 2a ). As observed from the atomic force microscopy (AFM) images in Figure 2b ,c, the size of GO ranges from hundreds of nanometers to several micrometers with an average thickness of around 0.8 nm, indicating the formation of monolayer GO. The GO aqueous dispersion (brownish yellow color; inset of Figure 2d ) displays a strong absorption peak at 234 nm and a shoulder at 300 nm ( Figure 2d ), which can be attributed to the π−π* transition of CC bonds and the n−π* transition of the CO groups in GO, respectively. 33−35 Furthermore, a sharp diffraction peak (001) appears at 2θ = 11.0°in the XRD pattern of GO (Figure 2e ), corresponding to a layer-to-layer distance of 0.803 nm. As expected, the Raman spectroscopy of GO exhibits the well-known D-band, G-band and 2D-band peaks at 1349, 1583, and 2676 cm −1 , respectively, and the relative intensity of D/G is approximately 0.93, which is typical for most GO samples ( Figure 2f ). 36, 37 In addition, the presence of hydroxyl (3419 cm −1 ), carboxyl CO and C−O (1629 and 1400 cm −1 ), epoxy C−O (1261 cm −1 ), and alkoxy C−O (1081 cm −1 ) functional groups can be assigned in the Fourier transform infrared spectroscopy (FTIR) of GO ( Figure  S1 , Supporting Information). 15, 25, 38 Furthermore, the energy -dispersive spectrometer (EDS) result demonstrated that no manganese or other impurities existed in GO nanosheets ( Figure S2 , Supporting Information). Taken together, all of these results clearly indicated that high-purity GO had been successfully synthesized and used for the fabrication of a GO film.
A GO film was prepared from the above-obtained GO solution using a similar vacuum filtration approach as that reported in the literature (Figure 2g ). 10, 11 As seen from the scanning electron microscopy (SEM) images of Figure 2h ,i, the surface of the GO film is smooth at the macro level, and the cross section exhibits a typical lamellar structure. By adjusting the concentrations of GO solutions and using the same instrument, different thicknesses of GO films could be facilely prepared ( Figures S3 and S4 , Supporting Information). Similarly, EDS results also indicated that the prepared GO film was good quality with no impurities ( Figure S5 , Supporting Information).
3.2. Adhesion of E. coli on a GO Film. Antimicrobial films are attractive candidates for use as wound dressings and fillers. 14 We speculate that GO films with controllable size and thickness might act as outstanding scaffolds for bacterial adherence. To test the attachment of bacteria to a GO film, after incubating E. coli with a GO film for different times, the GO film was transferred to the LB agar plates, and the colonies of E. coli were then counted after 12 h. As shown in Figure 3a , the adhesion percentage of E. coli on the GO film increased with incubation time, and the adherence reached almost 100% when the incubation time was 3 h. The corresponding E. coli colonies on the GO film or bacterial suspension in which the GO film was taken out after interacting with bacteria for 3 h on coated agar plates are also presented in Figure 3b −d. The colony numbers on the plate containing the GO film were comparable to the pure bacteria control (Figure 3d ,b), while almost no bacteria colonies were observed for the bacteria suspension-coated plate ( Figure  3c ). Furthermore, after E. coli exposure for 3 h, the GO film was taken out and mildly washed to remove bacterial cells not attached to the surface. The film was then bath-sonicated to detach the cells, and the detached bacteria were coated on an agar plate to count the colonies. The results presented in Figure  S6 (Supporting Information) indicated that the colony numbers of the sonication solution-coated plate were comparable to those of the bacteria control. In addition, the adherence of E. coli on the GO film was not affected by the culturing medium. As shown in Figure S7 (Supporting Information), the adherence rates of E. coli by GO films from PBS and whole blood were almost the same. As well, to more intuitively observe the adherence phenomenon of bacteria, the GO film was then imaged by LSCM (Figure 3e ,f). Bright green fluorescence was observed on the GO film (Figure 3f ), further verifying the adherence of bacteria to the GO film.
Bacteria not only could adhere on the GO film but were also kept alive. As displayed in Figure 3g −i, after 3 h of incubation with E. coli, the GO film was stained by calcein (AM)/propidium iodide (PI) and imaged by LSCM. Only green fluorescence was observed for the bacteria-attached GO film, implying negligible bacterial cell death. Furthermore, SEM images further indicated that E. coli that adhered on the GO film had morphological integrity (Figure 3j ). Typical growth kinetic curves of these bacteria after co-culturing with GO films are presented in Figure  S8 . Negligible growth inhibitions were observed for the GO filmincubated bacteria compared with the pure bacteria controls. It was recently reported that highly purified and thoroughly washed GO had no antibacterial properties against both Gramnegative and -positive bacteria and that reported inhibitory effects of GO were probably due to the presence of soluble acidic impurities. 27 In our work, the prepared GO films were highly pure, and no manganese or other impurities exsited ( Figure S5 , Supporting Information); the influence of purity on the antibacterial activity of GO was ignorable. Meanwhile, it was ACS Applied Bio Materials www.acsabm.org Article found that the acidity of GO had an important effect on their antibacterial property. As shown in Figure S9 (Suppporting Information), at higher acidity (such as pH = 0.43 or 1.08), almost no E. coli and S. aureus survived. With the decrease of acidity, the survival rate of bacteria greatly increased. When the pH value was more than 4.13, the colony numbers of GOincubated bacteria were similar to that of the pure bacterial control. However, in our work, the prepared GO had been washed repeatedly with water, and the pH value was nearneutral; therefore, the acidity of GO did not affect their antibacterial capability yet. Moreover, the peroxidase activity of GO also was too low to kill bacteria ( Figure S10 , Supporting Information). More detailed reasons about the GO film lacking antibacterial activity are under investigation. In brief, these initial experimental results indicated that E. coli could be adhered on the GO film and their viabilities were not affected.
Different Adhesion Effects of GO Films toward Different Bacteria Strains.
Encouraged by the outstanding adhesion capability of the GO film to E. coli, we wonder if the GO film also has a similar ability to adhere other bacterial strains, such as S. aureus, Bacillus, and Shewanella MR-1. After incubating GO films with these bacteria, which had higher concentrations for 3 h, the GO films were observed by SEM. It was found that there were bacteria on the surface of each GO film (Figure 3j ), indicating that GO films all had certain adherence effects on these studied bacteria. Moreover, GO films did not affect the growth of these bacteria yet ( Figure S8 ). Hereafter, the detailed adhesion effects of GO films toward these bacteria are explored.
GO films with the same size but different thickness (that means different mass) were prepared via a similar vacuum filtration approach ( Figures S3 and S4 , Supporting Information), and the thickness for each film is listed in Table S1 . Confusingly, different masses of GO films with the same size demonstrated quite different mass-dependent adherence effects toward different bacteria (Figure 4a−d) . For instance, when the GO film mass was in the range of 0.398 mg (film thickness of 54.15 μm) to 3.184 mg (film thickness of 339.45 μm), the adherence percentages for E. coli changed from 20 to more than 100% (Figure 4a ), while they changed only from 18.4 to 31.4% for S. aureus (Figure 4b) , from 12.0 to 52.3% for Bacillus ( Figure  4c ), and from 0.8 to 3.1% for Shewanella MR-1 (Figure 4d ). At a fixed mass of GO (0.796 mg), the adherence efficacies of S. aureus, Bacillus, and Shewanella MR-1 with bacterial density of about 10 4 −10 5 CFU/mL on GO films were 23.0, 15.9, and 1.5%, respectively, far lower than the adherence efficacy of E. coli (78.7%). These results suggested that GO films exhibited rather different adherence ability to different kinds of bacteria, which also was verified by the results of QCM measurement. Figure  4e ) that was caused by bacteria adherence on the GO film, a GO spin-coated Au QCM crystal was used instead of the Au QCM crystal, and the measurement process was similar to that of the above bacteria on the Au QCM crystal. As shown in Figure 4e ,f, obvious time-dependent frequency changes were observed for a bacteria adherence GO-coated Au QCM crystal, implying that bacteria attachment on a GO-coated Au QCM crystal happened and the adhesion amounts of bacteria gradually increased with time. According to the Sauerbrey equation, △f = −2f 0 2 / [A(μρ) 1/2 ]△m, where f 0 is the resonant frequency of the fundamental mode of the crystal, A is the area of the gold disk coated onto the crystal, μ is the shear modulus of quartz, and ρ is the density of the crystal (f 0 , μ, and ρ are constant values); the relative adhesion mass η = △f b /△f a = △m b /△m a (△m a : bacteria attached on a Au QCM crystal; △m b : bacteria attached on a GO-coated Au QCM crystal) for E. coli and S. aureus could be calculated to be 225.8 and 75.4, respectively. These results not only confirmed the adherence of bacteria on GO films but also indicated the disparity of adherence ability among different bacteria. Meanwhile, it was also found that S. aureus and Methicillin-resistant Staphylococcus aureus (MRSA) demonstrated almost the same adherence capability on GO films ( Figure  S11 , Supporting Information), which meant that the attached ability for different varieties of the same genus of bacteria on GO films was similar.
3.4. Mechanism of GO adhering bacteria. As mentioned above, GO could adhere bacteria and exhibit different adherence abilities to various bacteria strains. Meanwhile, we noticed that, similar to GO nanosheets ( Figure S12 , Supporting Information), the colors of GO films gradually changed from brown− yellow to black after co-incubation with different sorts of bacteria (data not shown), suggesting that GO films might be were resolved by fitting the experimental line profile. The peak with binding energy at 284.8 eV was assigned to the C−C and CC bonds, which were presented in both GO and graphene structures. 39 The peaks at 286.4 and 288.1 eV were ascribed to the C 1s binding energy in epoxide/hydroxyl (C−O/C−O−C) and carboxyl (OC−O) groups, respectively, whose high intensities suggested that the carbon sheets of GO included many oxygen-containing groups. However, in the C 1s XPS spectra of GO−bacteria (Figure 5b,e ), the two peaks at 286.4 and 288.1 eV, especially the peak at 288.1 eV, diminished and became much weaker than that of the C−C bond, which verified that substantial sp 2 carbon character had been restored due to the reduction of GO by bacteria. 30, 40 In addition, the GO films and the bacteria-reduced GO films were further characterized by Raman spectroscopy (Figure 5f ). Before reduction, the D band and G band intensity ratio (I D /I G ) of the GO film was about 0.91. After co-culturing with bacteria for 3 h, the I D /I G ratio was increased to 1.03, 1.17, 1.16, and 1.20 for E. coli, S.aureus, Bacillus, and Shewanella, respectively. The slight increase of the I D /I G ratio implied that some graphitic domains were produced during the reduction of GO by bacteria, indicating the conversion of GO to rGO or graphite. 33 Furthermore, compared to a GO solution which had the 2D band located at about 2676 cm −1 (Figure 2f ), the 2D band of the GO film shifted to a higher wavenumber at about 2696 cm −1 . After reduction of the GO film by bacteria, the 2D band became unobvious. It was reported that the 2D/G ratios of single-, double-, triple-, and multi-(>4) layer graphene sheets were typically > ∼1.6, ∼0.8, ∼0.30, and ∼0.07, respectively. 41 In our work, the 2D/G ratios of GO and rGO films were close to zero, further indicating the formation of multilayer sheet structures ( Figure S3 and Table S1 ).
To further confirm the reduction of the GO film by bacteria, we measured the current−voltage (I−V) characteristic of the GO films after exposure to the bacterial suspension (see the Experimental Section for details). As observed from Figure S13a (Supporting Information), the I−V curves exhibited good linear behaviors, suggesting the formation of Ohmic contacts between the Au electrodes and the conductive graphene films. On the basis of the slopes of the lines in the I−V diagram, the film resistance (Rs) (containing the two contact resistances and net film resistances) could be calculated for different bacteriareduced GO films. The GO film had a Rs value of about 5.45 × 10 8 Ω/sq. After exposure to different bacterial suspensions, the Rs values decreased to 1.84 × 10 8 , 9.26 × 10 7 , 1.0 × 10 8 , and 2.41 × 10 7 Ω/sq for E. coli, S. aureus, Bacillus, and Shewanella, respectively ( Figure S13b ), implying the reduction of GO films by bacteria.
After confirming that GO was reduced to graphene, we thought about why GO could be reduced by bacteria when contacted with bacteria. It was reported that GO could act as a terminal electron acceptor and extract electrons from the cell wall of heterotrophic and environmental bacteria, such as Shewanella, resulting in the reduction of GO to the naturally occurring ubiquitous graphite mineral form; 28,29,31 therefore, we considered if the ability of GO to get electrons plays an important role in bacteria adsorption. For this purpose, we used a constant current method to investigate the ability of GO to adsorb bacteria. The experimental device is shown in Figure S14 (Supporting Information); an H-type electrolytic tank was used to divide the electrolytic tank into a working electron area and counter electron area. Due to the poor conductivity of GO, the GO solution was spin-coated on the fluorine-doped tin oxide-coated glass (FTO) (denoted as GO/FTO; the amount of GO was about 0.1 mg) as the working electrode for the following electrochemical testing, and the electrolyte was composed of a certain concentration of bacteria. After a constant current was applied to the working electrode for 3 h, bacteria on GO/FTO was moved to the LB agar plate to count the numbers of colonies ( Figure 6 ). It was found that GO/FTO showed lower adherence ability toward E. coli when no impressed current (0 A) was exerted (Figure 6a ). An impressed constant positive current (10 −5 A) could importantly enhance the adherence capability of GO toward E. coli, approximately 2.1 times relative to 0 A (Figure 6c,f) , while a constant negative current (−10 −5 A) slightly decreased the adherence of E. coli on GO (∼0.99 times relative to 0 A) because it could send the electrons to GO and weaken the capability of GO to obtain electrons from bacteria (Figure 6b,f) . Meanwhile, the current intensity also took a key role to gather bacteria on the GO film (Figure 6d,e ). When the current was up to 10 −4 A, the numbers of E. coli on GO were remarkably enhanced, and almost no bacteria was observed around the working electrode (Figure 6d,f) . While the current decreased to 10 −6 A, the numbers of E. coli on GO became less than that of 10 −5 A (1.3 time relative to 0 A, Figure 6e ,f). Also, the numbers of bacteria on the counter electrode area demonstrated no significant difference with the numbers of bacteria before the electrochemical process, indicating that the influence of electrophoresis on the adsorption of bacteria was negligible. Moreover, free FTO without GO was also employed to confirm whether FTO itself could adsorb the bacteria. It was found that FTO without GO showed little adsorption ability to bacteria even when the current intensity rose to 10 −4 A ( Figure  S15 , Supporting Information), indicating the key role of GO in the bacterial adsorption.
Similarly, applying a certain positive current, the adsorption capabilities of other bacteria, such as S. aureus, Bacillus, and Shewanella, on GO/FTO were also greatly improved (Figures S16−S18, Supporting Information). Especially for Shewanella, as the current increased from 10 −6 to 10 −4 A, the adherence percentages of Shewanella on GO/FTO changed almost from 0 to 100% relative to that in the working area ( Figure S18 , Supporting Information). Shewanella are known as exoelectrogen and can easily reduce GO by extracellular electron transfer. 29, 30 Therefore, as an electron acceptor, GO was easier to get electrons from Shewanella than that of the other bacteria studied, which contributed to the low adherence of Shewanella on the GO film (below 3% in Figure 4d ). Moreover, the strategy of impressed current provided new insight on the increase of the adherence of bacteria.
Taken together, these results suggested that exerting a positive current would draw the electrons from GO and enhance the ability of GO obtaining electrons from bacteria, resulting in effective adsorption of bacteria on GO films. Therefore, the ability of GO to adhere bacteria might come from the nature of GO to get electrons from bacteria.
Moreover, we also confirmed that the reduction of GO amounts was related to the electrons that they obtained. Different amounts of GO films with approximately the same surface areas were used to investigate how many electrons of each GO film need to be reduced into rGO or graphite. Because of the poor conductivity of GO, a current of about 10 −4 A was employed to reduce the GO film. When the voltage had a sudden change, the GO film was thought to be reduced to rGO competely ( Figure S19 ). Then the number of used electron was measured and calculated. It was no surprise that different masses ACS Applied Bio Materials www.acsabm.org Article of GO films with the same surface areas showed different capacity to get electrons. The greater the quality, the more electrons they got (Figure 6g ). Therefore, we speculate that it might be a reason for a variety mass of GO film to show different adherence effects. Of course, besides this, more influence factors such as the functional groups on the surface of GO, zeta potentials, as well as the electron numbers that each bacteria could provide also should be considered. Further work is under investigation in our lab.
CONCLUSIONS
In summary, through investigating the effects of GO films on the viabilities of some Gram-positive and Gram-negative bacteria, such as E. coli, S. aureus, Bacillus, and Shewanella, it was found that the GO films had no influence on the growth of bacteria, the bacteria could be adhered on the GO films, and the adherence capability depended on the studied bacterial genera and the GO film amounts. Moreover, after interacting with bacteria, the GO films were reduced to rGO or graphene, which was confirmed by XPS, Raman spectra, and I−V measurements. Finally, by using a constant current technique, a possible mechanism that contained electron transfer from bacteria to the GO film was proposed for the adherence of bacteria on the GO film as well as the reduction of GO by bacteria. These results not only illustrated that GO could selectively adhere bacteria but also provided new insights for better understanding of the interaction between bacteria and GO-related materials, holding great promise in biomedical applications.
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